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Abstract. Gas density is widely believed to play a governing role in star formation.
However, the exact role of density in setting the star formation rate remains debated.
We also lack a general theory that explains how the gas density distribution in galaxies
is set. The primary factor preventing the resolution of these issues is the limited number
of observations of the gas density distribution across diverse environments. Centimeter-
and millimeter-wave spectroscopy offer the most promising way forward in this field,
but the key density-sensitive transitions are faint compared to the capabilities of cur-
rent telescopes. In this chapter, we describe how a next-generation Very Large Array
(ngVLA) represents the natural next step forward in this sensitivity-limited field. Such
a facility would provide a crucial link between the “Milky Way” and “Extragalactic”
views of star formation and dramatically advance our understanding of the drive and
role of gas density in galaxies, building on current results from ALMA, NOEMA, the
Green Bank Telescope, and other current facilities working in this area.
1. Is Density Destiny in Star Formation?
Gas density and star formation are closely linked. Observationally, several lines of ev-
idence show a strong relationship between gas density and star formation. Within the
Milky Way, the amount of dense gas is the best predictor of the current rate of star for-
mation in nearby clouds (e.g., Evans et al. 2014). Specifically, star formation appears
associated with dense, filamentary substructure within these clouds (see review by An-
dré et al. 2014). On larger scales, integrated measurements of entire galaxies demon-
strate a linear correlation between the rate of recent star formation and the amount of
dense molecular gas traced by high critical density emission lines, especially HCN and
HCO+ (e.g., Gao & Solomon 2004).
This close association makes sense, given that gas density plays a key role in
nearly every theory of star formation. But so far our observations of dense gas have
been severely limited by the sensitivity of our telescopes. The key lines to observe
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dense gas are more than an order of magnitude fainter than the workhorse CO lines.
In the absence of the kind of sensitive, resolved observations of dense gas that will
be made by the ngVLA, the exact role played by density in star formation remains
relatively unconstrained.
Recent theories of star formation disagree about whether the mean density, only
the fraction of dense gas, or the distribution of densities is the key factor setting the rate
of star formation. In the first category, the governing timescale to convert gas into stars
is the gravitational free-fall time at some characteristic scale. Then this timescale, and
so the normalized rate of star formation, is set by the mean density of the ISM at that
scale (e.g., Krumholz & Dekel 2012; Elmegreen 2018). In a theory like this, for exam-
ple, the mean density of molecular cloud will govern its ability to form stars. In a second
class of models, gas above some threshold density forms stars in a semi-universal way
(e.g., Gao & Solomon 2004; Lada et al. 2012). Such models focus on the formation of
dense gas, however it happens, as the key limiting step to form stars. A third category
of theories considered the distribution of densities within a cloud (often treated as tur-
bulent, isothermal gas following, e.g., Padoan & Nordlund 2002; Krumholz & McKee
2005) to play the key role in determining its ability to form stars (e.g., Hennebelle &
Chabrier 2011; Federrath & Klessen 2012).
We also know that the density of gas changes in response to the environment within
a galaxy. For example, major mergers (such as the local ultra-luminous infrared galaxy
population) appear to have a much higher mean gas density than normal spiral galaxies
(Gao & Solomon 2004; García-Burillo et al. 2012). The central parts of disk galaxies
— including the Milky Way’s own Central Molecular Zone — show higher gas den-
sities than the more quiescent outer parts of disks (e.g., Longmore et al. 2013; Usero
et al. 2015; Chen et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018). Indeed, gas
density also appears to change systematically across spiral galaxies, with denser gas
in high surface density, gas rich environments. Though there are suggestions of a link
to interstellar gas pressure (e.g., Helfer & Blitz 1997), we lack a predictive theory that
explains how the structure and properties of a galaxy set its gas density distribution.
The central role of density in star formation theory, the close association of molec-
ular gas density and star formation, and the observation that gas density changes in
response to environment prompts a series of questions:
1) What is the distribution of gas volume densities in the molecular interstellar medium?
In theoretical work, this is often discussed as the density probability distribution func-
tion (PDF). Knowledge of the density PDF is central to understand star formation (see
above), feedback (e.g., Krumholz. et al. 2016), and emission from molecular lines
(e.g., Leroy et al. 2017). Based on theoretical work, a lognormal, power law, or some
hybrid distribution is often assumed (see Padoan & Nordlund 2002; Krumholz & Mc-
Kee 2005). However, observational constraints on this quantity remain weak. The best
observational measurements currently consist of column density measurements in local
clouds (e.g., Abreu-Vicente et al. 2015). However, as discussed above, observations
clearly indicate that the mean gas density changes across the universe, and resolved ob-
servations of local clouds offer a window into only a very narrow subset of the physical
conditions found across the universe.
2) How does gas density relate to star formation in different environments?
As described above, observations suggest a strong link between gas density and star for-
mation. However, the quantitative relationship between the gas density distribution and
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Figure 1. Emissivity vs. Density for Some cm- and mm-Wave Lines. Emissiv-
ity (intensity per column density) as a function of collider volume density for a subset
of lines in the ngVLA high frequency window (following Leroy et al. 2017). The
ngVLA covers low-J lines (which are relatively less sensitive to excitation effects)
that emit effectively under a wide range of gas densities. Combing these lines offers
the prospect to constrain the density distribution point by point across galaxies. The
sensitivity, bandwidth (allowing heavy multiplexing), and resolution of the ngVLA
are unmatched for this kind of work, giving it the prospect to act as an unparalleled
density mapping machine.
the formation of stars and clusters remains weakly constrained by observations. The
strongest possible test of many current theories of star formation in molecular clouds
would be detailed observations of the density distribution, dynamical state, and star
formation rate of molecular clouds in a wide range of environments and evolutionary
states. These observations would clearly resolve whether there some threshold density
above which star formation proceeds in a universal way and whether the gravitational
free-fall time is indeed the governing timescale for star formation over many scales.
3) How does gas density relate to galactic structure and dynamics?
The gas density distribution clearly changes across the universe, with denser gas found
in environments with deep potential wells and strong compressive effects (e.g., galaxy
mergers, spiral arms, gas flows along bars). Our quantitative knowledge of how gas
density responds to environment, and vice versa, is in its infancy, however.
2. Sensitive cm-and mm-Wave Spectroscopy as the Path Forward
Thee preceding questions remain major open issues because observing molecular gas
density is incredibly challenging. The densest regions of molecular clouds are typi-
cally, ∼ 0.1−1 pc in scale (see Lada & Lada 2003; André et al. 2014). In Milky Way
molecular clouds, one can achieve the resolution to pick out individual dense substruc-
tures, and so reconstruct the density distribution from imaging. Observations in the
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Milky Way, and the Solar Neighborhood, however, probe only a limited subset of the
environments found across the universe.
Even with the ngVLA, is simply infeasible to image gas at 0.1−1 pc resolution
beyond the handful of nearest galaxies. As a result, cm- and mm-wave spectroscopy
is our best tool to study the density distribution in more distant systems. The cm- to
mm-wave part of the spectrum contains rotational transitions from a host of interstellar
molecules. These transitions, in turn, have a wide range of critical densities. The
emissivity of gas in any particular molecular transition falls off quickly with decreasing
density below the effective critical density. By measuring the relative intensities of
lines with a wide range of effective critical densities, one can thus probe a wide range
of different gas densities. We can use these observations to constrain the distribution of
mass as a function of gas volume density within a beam (i.e., to constrain the density
PDF in the beam). This technique works without any need to resolve individual sub-
parsec scale dense substructures because the spectroscopic tracers already preferentially
trace gas near the effective critical density of the line.
This approach holds huge promise: the ability to measure the distribution of den-
sities in each cloud, or even each moderate size region, across a galaxy will allow us
to concretely link this key driver for star formation on cloud scales (density) to galactic
environment. This push towards measuring physical conditions in the cold gas across
galaxies is a major thrust of star formation studies in ∼ 2020 and is sure to remain a
key area moving in to the era of the ngVLA.
3. The Need for the ngVLA
The main obstacle to deploying this approach widely is the faintness of the high critical
density transitions available in the cm- and mm-wave window. The brightest transitions
in this window include rotational transitions of HCN and HCO+. These molecules are
often ∼ 108 times less abundant than H2 and ∼ 104 times less abundant than CO (e.g.,
Martín et al. 2006), and the dense gas often makes up only ∼ 1−10% of a cold cloud
by mass (e.g., Lada et al. 2010). As a result, even the brightest high critical density
lines (“dense gas tracers”) are extremely faint compared to the standard molecular gas-
tracing CO lines. Line ratios between HCN (the brightest dense gas tracer) and CO
seldom exceed 0.1 across a large part of a galaxy and typical values in galaxy disks are
∼ 0.02 to < 0.01 (Usero et al. 2015; Bigiel et al. 2016; Gallagher et al. 2018).
To harness the power of mm-wave spectroscopy to trace density across galaxies,
we need an instrument that simultaneously achieves high spatial resolution, very high
surface brightness sensitivity, and large spectral coverage (to capture many transitions
at once). The ngVLA is exactly this instrument. The reference design review version
of the ngVLA achieves rms sensitivity 0.01 K per 10 km s−1 channel at 1′′ resolution
in 1 hour. The beam size of 1′′ matches the sizes of individual molecular clouds for
galaxies out to the Virgo Cluster (e.g., see Sun et al. 2018). At this resolution and for a
characteristic cloud line width of 10 km s−1, ∼ 0.01 K is a typical brightness for HCN in
a star-forming galaxy. Finally, the ngVLA bandwidth simultaneously captures almost
all of the density-sensitive diagnostics in the λ = 2.6−4 mm window (depending on
the exact distribution of the 20 GHz of bandwidth across the band), allowing a stunning
gain in efficiency to carry out this fundamentally multi-line science. Previous telescopes
require many tunings to cover the suite of lines seen in Figure 1.
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Figure 2. The Promise and Challenge of Mapping Dense Gas. (Left:) From
Gallagher et al. (2018), the correlation between recent star formation and dense gas
seen over 15 years of HCN studies (following Gao & Solomon 2004; Wu et al.
2005, 2010). Across decades in scale, tracers of high density gas correlate well
with star formation, though the detailed physics have yet to be well-constrained by
observations. (Right:) The integrated HCN spectrum of M51 (from Bigiel et al.
2016, and see Chen et al. 2015) plotted in red over the integrated CO spectrum of
the galaxy in gray. Even the brightest “dense gas tracers” are ∼ 10−100 times fainter
than CO emission. As a result, the sort of density-probing spectroscopy discussed in
this chapter strains the capabilities of current facilities. The sensitivity of the ngVLA
will greatly surpass the sensitivity of these facilities, enabling us to map dense gas
tracers at high resolution across the local universe (∼ Virgo).
Put more simply, Figure 3 shows a ∼ 1′′ resolution CO (2-1) map of a nearby star-
forming spiral galaxy, M 99 (NGC 4254), from ALMA’s PHANGS survey (see Sun
et al. 2018, data from A. K. Leroy, E. Schinnerer et al. 2019, in preparation). In the
right panel, we scale the CO map by a typical HCN-to-CO ratio and saturate the color
scale at the rms line sensitivity achieved in one hour of integration (this level is also
shown by a white line). This exercise shows that the fiducial sensitivity of the ngVLA
in an hour is of the right order to detect faint, high critical density tracers. Integrations
of a few hours or ten hours towards a part of a local galaxy should recover a large
suite of faint lines in each beam, allowing the reconstruction of cloud-by-cloud density
distribution across galaxies.
To be more concrete, the ngVLA at 90 GHz could cover the inner, gas rich part of
M99 (the illustrated galaxy in Figure 3) in about 10 pointings. With an integration time
of ∼ 10 hours per pointing and 10 pointings, a survey of the active part of this galaxy
would cost ∼ 100 hours. Such a survey would have a sensitivity of ∼ 0.003 K per
10 km s−1 channel at physical resolution ∼ 75 pc, covering at least half a dozen lines
with different effective critical densities (CN, HCN, HCO+, HNC, CS, their isotopo-
logues, etc.). This would allow one to detect the dense gas in an individual molecular
cloud (M ∼ 5 × 105 M) at reasonable signal to noise down to dense gas fractions of
a few percent in multiple tracers. This cloud-by-cloud view of the density distribu-
tion across a whole galaxy is exactly the kind of observation needed to address the key
questions outlined above. It would be the kind of leap forward for dense gas that the
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Figure 3. The ngVLA Will Spectroscopically Image Faint Lines at High Res-
olution With Huge Multiplexing Capability. CO (2-1) peak temperature map (in
a 10 km s−1 channel) for a local (Virgo cluster) star forming spiral at 1′′ resolution,
sufficient to distinguish individual clouds, spiral arms, and distinct environments. On
the right we show a version of the map scaled by a typical HCN-to-CO ratio (Usero
et al. 2015) and saturated at the 1 hour, 1′′, 10 km s−1 line sensitivity of the ngVLA
reference design, which is also shown by a white contour. The exercise shows that
the ngVLA will be able to detect high critical density lines on the scale of individual
clouds in a few hours of integration. While doing so, it simultaneously observes a
huge part of the cm- and mm-wave spectrum and covers a large area. These capa-
bilities make the ngVLA a density-mapping machine unmatched by any current or
planned facility. In the text, we sketch how a ∼ 100 hour program could be expected
to measure the density distribution in individual molecular clouds across the whole
active part of the galaxy.
pioneering PAWS survey (Schinnerer et al. 2013) made for molecular gas: the first si-
multaneously sensitive, wide area, and high resolution view of gas (here dense gas, for
PAWS CO emission) across a whole large part of galaxy.
4. Complementary Science—Chemistry and Physical Conditions Across Galax-
ies
Density is not the only factor at play in the cm- and mm- part of the spectrum. Chem-
istry depends on environment and varies the abundance of each species as a function
of environment (e.g., see van Dishoeck 2014). Both gas excitation and radiative trans-
fer through clouds can play key roles in what we observe. A strength of the ngVLA’s
large proposed bandwidth is the ability to observe many transitions in one observation.
Contrasting results from lines with similar critical densities will allow us to isolate the
effects of density and chemistry. In addition, each density-probing observation will also
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be a line survey with potential sensitivity to the presence of shocks, the relative con-
tributions of PDRs, XDRs, and CRDRs to that part of the galaxy, and excitation in the
gas. Though we highlight density as a goal, this direction is inextricably linked to astro-
chemistry and the broader topic of physical conditions and excitation in the interstellar
medium.
5. Interface with Existing and Planned Facilities
Many telescopes are making critical contributions to this topic right now including
ALMA, NOEMA, the GBT, IRAM 30m, Nobeyama 45m, and the LMT. While no
existing or planned facility approaches the power of the proposed ngVLA at the key
frequencies ν < 116 GHz, these other facilities are likely to do key work over the
next decade that will inform future science directions with the ngVLA and have strong
synergies with the ngVLA when it comes online.
Currently, ALMA is the best instrument available to the density-mapping experi-
ments described above (soon to be paired with NOEMA). We expect that the state of
the field when ngVLA comes online will likely be set by these two facilities. However,
ALMA necessarily works at coarser resolution with less sensitivity and less bandwidth
to map these lines. For matched resolution (1′′), ALMA achieves ∼ 9 times worse sen-
sitivity in an hour with only a slightly bigger field of view. This calculation means that
to match the sensitivity achieved by the ngVLA in 1 hour, ALMA would have to inte-
grate almost 100 hours, rendering large surveys impossible. ALMA also covers only
8 GHz of bandwidth (though this is likely to be improved by upgrades). The ngVLA’s
proposed 20 GHz instantaneous bandwidth would allow vastly improved line multi-
plexing, covering a large part of the spectrum in a single observation. The sensitivity
and bandwidth of the ngVLA will allow us to survey many lines in many different types
of systems with relatively high resolution. The ngVLA promises a similar upgrade over
the full NOEMA, which offers a wide (16 GHz) instantaneous bandwidth that allows
for great multiplexing, but cannot match the raw sensitivity of the ngVLA due to the
vast mismatch in collecting area.
Even so, ALMA and NOEMA will certainly blaze the trail towards the kind of
science described above. Even with the ngVLA, ALMA will remain the key tool to
study excitation, including the interface of excitation and density (likely by contrasting
with ngVLA studies). This ability to combine high-J (with ALMA) and low-J (with
ngVLA) observations will open an extremely powerful window into the physical state
of gas in galaxies.
Similarly, the Green Bank Telescope, the IRAM 30-m telescope, the Nobeyama
45-m telescope, and the Large Millimeter Telescope will all make key contributions
in this area over the next years. These single dish telescopes, however, necessarily
emphasize wide field mapping, leveraging their surface brightness sensitivity, but do not
resolve galaxies into individual clouds or physically distinct regions. These telescopes,
especially if upgraded with new instrumentation, are likely to dramatically improve our
integrated inventory of dense gas across the universe. These results will put the ngVLA
in the position to resolve the physics related to density in discrete parts of galaxies:
clouds, arms, and galaxy nuclei.
In thinking about the interplay of these facilities, a key point to keep in mind is that
the stunning combination of bandwidth and collecting area for the ngVLA is guaranteed
to open new windows into the physical state of gas across galaxies. Even in the most
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optimistic scenario, in which HCN and HCO+ are mapped across many galaxies over
the next ten years by the GBT, NOEMA, and ALMA, a suite of more sophisticated
diagnostics — optically thin isotopologues, chemicals that appear when CO freezes
out, etc. — lie just out of the most optimistic reach of current telescopes. The ngVLA
will be an incredible tool to access these lines.
Acknowledgments. We thank the referee of this article, Fabian Walter, for helpful
comments that improved the content. AKL gratefully acknowledges partial support by
the National Science Foundation under Grants No. 1615105, 1615109, and 1653300.
References
Abreu-Vicente, J., Kainulainen, J., Stutz, A., Henning, T., & Beuther, H. 2015, A&A, 581, A74.
1507.00538
André, P., Di Francesco, J., Ward-Thompson, D., Inutsuka, S.-I., Pudritz, R. E., & Pineda, J. E.
2014, Protostars and Planets VI, 27. 1312.6232
Bigiel, F., Leroy, A. K., Jiménez-Donaire, M. J., Pety, J., Usero, A., Cormier, D., Bolatto,
A., Garcia-Burillo, S., Colombo, D., González-García, M., Hughes, A., Kepley, A. A.,
Kramer, C., Sandstrom, K., Schinnerer, E., Schruba, A., Schuster, K., Tomicic, N., &
Zschaechner, L. 2016, ApJ, 822, L26. 1604.05316
Chen, H., Gao, Y., Braine, J., & Gu, Q. 2015, ApJ, 810, 140. 1507.08506
Elmegreen, B. G. 2018, ApJ, 854, 16. 1801.04375
Evans, N. J., II, Heiderman, A., & Vutisalchavakul, N. 2014, ApJ, 782, 114. 1401.3287
Federrath, C., & Klessen, R. S. 2012, ApJ, 761, 156. 1209.2856
Gallagher, M. J., Leroy, A. K., Bigiel, F., Cormier, D., Jiménez-Donaire, M. J., Ostriker, E.,
Usero, A., Bolatto, A. D., García-Burillo, S., Hughes, A., Kepley, A. A., Krumholz,
M., Meidt, S. E., Meier, D. S., Murphy, E. J., Pety, J., Rosolowsky, E., Schinnerer, E.,
Schruba, A., & Walter, F. 2018, ArXiv e-prints. 1803.10785
Gao, Y., & Solomon, P. M. 2004, ApJ, 606, 271. arXiv:astro-ph/0310339
García-Burillo, S., Usero, A., Alonso-Herrero, A., Graciá-Carpio, J., Pereira-Santaella, M.,
Colina, L., Planesas, P., & Arribas, S. 2012, A&A, 539, A8. 1111.6773
Helfer, T. T., & Blitz, L. 1997, ApJ, 478, 162. astro-ph/9610103
Hennebelle, P., & Chabrier, G. 2011, ApJ, 743, L29. 1110.0033
Krumholz, M. R., & Dekel, A. 2012, ApJ, 753, 16. 1106.0301
Krumholz., M. R., Kruijssen, J. M. D., & Crocker, R. M. 2016, ArXiv e-prints. 1605.02850
Krumholz, M. R., & McKee, C. F. 2005, ApJ, 630, 250. astro-ph/0505177
Lada, C. J., Forbrich, J., Lombardi, M., & Alves, J. F. 2012, ApJ, 745, 190. 1112.4466
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57. arXiv:astro-ph/0301540
Lada, C. J., Lombardi, M., & Alves, J. F. 2010, ApJ, 724, 687. 1009.2985
Leroy, A. K., Usero, A., Schruba, A., Bigiel, F., Kruijssen, J. M. D., Kepley, A., Blanc,
G. A., Bolatto, A. D., Cormier, D., Gallagher, M., Hughes, A., Jiménez-Donaire, M. J.,
Rosolowsky, E., & Schinnerer, E. 2017, ApJ, 835, 217. 1611.09864
Longmore, S. N., Bally, J., Testi, L., Purcell, C. R., Walsh, A. J., Bressert, E., Pestalozzi, M.,
Molinari, S., Ott, J., Cortese, L., Battersby, C., Murray, N., Lee, E., Kruijssen, J. M. D.,
Schisano, E., & Elia, D. 2013, MNRAS, 429, 987. 1208.4256
Martín, S., Mauersberger, R., Martín-Pintado, J., Henkel, C., & García-Burillo, S. 2006, ApJS,
164, 450. arXiv:astro-ph/0602360
Padoan, P., & Nordlund, Å. 2002, ApJ, 576, 870. astro-ph/0011465
Schinnerer, E., Meidt, S. E., Pety, J., Hughes, A., Colombo, D., García-Burillo, S., Schuster,
K. F., Dumas, G., Dobbs, C. L., Leroy, A. K., Kramer, C., Thompson, T. A., & Regan,
M. W. 2013, ApJ, 779, 42. 1304.1801
Sun, J., Leroy, A. K., Schruba, A., Rosolowsky, E., Hughes, A., Kruijssen, J. M. D., Meidt,
S., Schinnerer, E., Blanc, G. A., Bigiel, F., Bolatto, A. D., Chevance, M., Groves, B.,
Gas Density Across the Universe 9
Herrera, C. N., Hygate, A. P. S., Pety, J., Querejeta, M., Usero, A., & Utomo, D. 2018,
ApJ, 860, 172. 1805.00937
Usero, A., Leroy, A. K., Walter, F., Schruba, A., García-Burillo, S., Sandstrom, K., Bigiel, F.,
Brinks, E., Kramer, C., Rosolowsky, E., Schuster, K.-F., & de Blok, W. J. G. 2015, AJ,
150, 115. 1506.00703
van Dishoeck, E. F. 2014, Faraday Discussions, 168, 9. 1411.5280
Wu, J., Evans, N. J., II, Gao, Y., Solomon, P. M., Shirley, Y. L., & Vanden Bout, P. A. 2005,
ApJ, 635, L173. arXiv:astro-ph/0511424
Wu, J., Evans, N. J., II, Shirley, Y. L., & Knez, C. 2010, ApJS, 188, 313. 1004.0398
